Abstract A challenge of phenological research is to integrate remotely sensed observations obtained at different spatial and temporal scales to provide information that contains both a high temporal density and fine spatial scale observations. This study aims to improve the level of spatial detail and the temporal density required for efficient monitoring of vegetation phenology by applying two remote sensing techniques, MODIS and digital camera images. Based on the vegetation indices extracted from each measurement, we analyzed phenological changes of vegetation and deduced phenophases transition dates, such as start dates of green-up and senescence by applying different two methods, the rate of change of curvature, K and HMV. The start and end of the growing season of Mongolian oak expressed in ExG-DC, which were extracted from digital camera image, were agreed well with that of visual assessment. EVI among three vegetation indices (EVI, NDVI and ExG-MI) showed the high correlation with ExG-DC and visual assessment. Based on RMSE, the transition dates assessed by visual observation were agreed better with the dates, which were estimated based on curvature K than with the dates estimated from HMV in all vegetation indices. Sap flow time-series estimates for the phenological transition dates were closely accorded with the estimates derived from near-surface time-series, and coincided better with the dates estimated based on curvature K than that based on HMV. In conclusion, based on the result of this study, we suggest that it is effective to use EXG-DC obtained from digital camera and EVI from MODIS when these two instrument are integrated as the vegetation indices and that curvature K is an effective method for extracting the phenological event dates of vegetation.
Introduction
Long-term phenological observations from North America, Europe, and Asia provide indisputable evidence that climate change (particularly recent warming trends) is affecting the timing of life-cycle events of species from a diverse range of taxonomic groups (Pen˜uelas et al. 2002; Parmesan 2006; Schwartz et al. 2006; Cleland et al. 2007; Richardson et al. 2009 ). At the same time, experimental studies show how other global change factors (e.g. elevated CO 2 and N deposition) can also influence phenology (Cleland et al. 2006) . The recent establishment of the USA National Phenology Network (USA-NPN; https://www.usanpn.org/), 'citizen science' efforts such as ProjectBudBurst ( http://budburst.org/), and the GLOBE phenology project (Gazal et al. 2008 ) all suggest a need for better documentation of biological responses to a changing world and highlight the importance of phenological monitoring to achieve this goal (Morisette et al. 2009 ).
Many factors can affect vegetation phenology, which involves budburst, flowering, and leaf senescence. These factors include seasonal variations, such as climate, daylength, and nutrients, as well as plant species and age. Recent climate change has strongly affected the trends of phenological events (Pen˜uelas and Filella 2001; Walther et al. 2002 , Ovaskainen et al. 2013 .
Traditionally, assessment of changes in the phenology has relied on field measurements, often by volunteers and amateur naturalists, who record discrete events, such as flowering, leaf emergence, and other characteristics, that depend on observation and site location ). Traditional plant phenology observations have involved recording the date of occurrence for key events, including first leaf opening, first flowering, full bloom, and end of bloom, by repeated visual observations. Capturing the exact date of key events requires daily observations during the growing season. Therefore, phenology observations are relatively labor intensive and costly (Sparks et al. 2006) to collect data. Although these observations are a valuable source of information, they are limited in spatial coverage and use a range of methodologies conducted by a large number of personnel with variable training and skill levels, resulting in highly variable data consistency and quality (Coops et al. 2012) .
As an alternative to traditional field-based measurements, a number of remote-sensing techniques have been developed to observe vegetation cycles throughout the year. New information is being gained through increased use of inexpensive visible spectrum digital cameras at the stand level, as phenological events can be monitored on the local scale (Woebbecke et al. 1995; Graham et al. 2010; Ide and Oguma 2010) . Time-lapse photography at daily or hourly intervals provides very accurate temporal sampling for assessing vegetation phenology. Furthermore, additional data from an intermediate scale of observation can be obtained by mounting these systems on higher objects, such as towers or platforms. These techniques provide a spectrum of data ranging from field-based observations to satellite-derived estimates (Coops et al. 2012) .
At the satellite level, field-based assessments have been successfully linked to multi-spectral images of different spatial resolutions. For instance, estimates of vegetation phenology have been compared with data acquired from the National Oceanic and Atmospheric Administration (NOAA) AVHRR (Advanced Very High Resolution Radiometer) (Schwartz and Reiter 2000; Studer et al. 2007) , and more recently the MODIS (MODerate-resolution Imaging Spectroradiometer) instrument onboard the Terra and Aqua platforms (Fisher and Mustard 2007; Soudani et al. 2008) .
A fundamental challenge faced when using remotesensing techniques to monitor vegetation phenology is the trade-off required between the level of spatial detail and the revisit time provided by the sensor. For instance, although the data from the Landsat series of satellites have been successfully used to map vegetation with a 30-m spatial resolution, its 16-day temporal resolution is often not sufficient for timely observation of changes in vegetation and landscape characteristics throughout the year (Gao et al. 2006 ). This deficiency is even greater in areas with persistent cloud cover as there are longer intervals between clear imagery suitable for analysis. In contrast, satellites with higher revisit rates often do not provide a sufficient level of spatial detail, making species-specific phenological events difficult to ascertain and extract (Botta et al. 2000) . In order to solve those problems, studies, which create new product by integrating more than two satellite images are carried out such as MODIS-Landsat fusion algorithm (Walker et al. 2012 (Walker et al. , 2014 Vin˜a et al. 2016 ) via STARFM (spatial and temporal adaptive reflectance fusion mode).
One way to address this challenge is to integrate remotely sensed observations obtained at different spatial and temporal scales to provide information that contains both a high temporal density and fine spatial scale observations. At the stand level, images obtained from transects of phenological cameras (Bater et al. 2011) can be directly linked to satellite observations to upscale fine-scale information on vegetation green-up and senescence to larger areas. As a result, these observations can reflect seasonal changes in vegetation phenology at a spatial resolution sufficient to provide detailed information on different vegetation zones and landcover types (Hilker et al. 2009 ) and at time intervals with relevance to vegetation phenology. But as Hufkens et al. (2012) and Klosterman et al. (2014) point out, first of all, we have to test whether each method as a tool to monitor phenological trajectory of vegetation for observation is appropriate or not to integrate each method. If their appropriateness is proved, standard protocol to find out phenological event date in field from data obtained by each method has to be established in the next stage. In addition, we have to select the most appropriate vegetation index comparing difference and uncertainty among existing various vegetation indices.
This study aims to answer to the following questions: (1) Is it possible to integrate both methods with different spatiotemporal scales as a tool for phenological study? (2) What is a vegetation index appropriate for monitoring phenological event date significant ecologically? (3) Which method can infer start dates of green-up and senescence correctly from vegetation index?
In order to arrive at the goals, we compared measurements of vegetation phenology compiled from a network of ground-based cameras and satellite-derived measurements of vegetation conditions derived from a fused broad MODIS with field-based visual observation as a reference information. In addition, we measured sap flow as a tool to confirm leaf unfolding and senescence dates in a physiological level. Two key indicators of phenological activity were compared across a spectrum of elevations: (1) start date of green-up, (2) start date of senescence.
Materials and methods

Study area
The phenological signal of canopy reflectance from deciduous broadleaved forests can be clearly defined, ensuring accurate measurement of the change in growing season. Therefore, we selected Mongolian oak (Quercus mongolica), a dominant species in the temperate decid-uous broadleaved forest zone on the Korean Peninsula, as the target species of this study. The species belonging to the Quercus genus in Korea (Republic of), Q. mongolica grows at the highest elevation and thus, Q. mongolica would likely be a species sensitive to global warming. Four sites of Mt. Nam, Mt. Jeombong, Mt. Jiri, and Gwangneung, were selected for analysis. The sites, where the ecological tower was installed, has a large volume of basic ecological information available, and thus, was selected as the study sites (Fig. 1 , Table 1). Those sites are LTER (long term ecological research) sites of Korea and this study was carried out as a LTER program. Because we captured crown layer of Q. mongolica stand, our research activity did not any damages for endangered species or protective species.
The climate of areas where this study was carried out, is the temperate of continental type. Mean annual temperature and precipitation for 30 years . Each camera was set to record high-quality JPEG images three times per day (09:00, 12:30, and 16:00) using intervalometers. However, only the 12:30 images were used for the analysis to maintain consistency (Table 2).
Due to the shorter collection cycle and greater serial time clarity in the phenological study using satellite Fig. 1 Location of the study sites on the Korean Peninsula imagery, we utilized MODIS (MODerate-Resolution Imaging Spectroradiometer) 500-m resolution land surface imagery (MOD09A1) supplied at 8-day intervals as multi-spectral satellite images and MODIS 500-m resolution daily surface reflectance (MOD09GA). The MODIS is a payload scientific instrument placed in the Earth's orbit by NASA in 1999 on board the Terra (EOS AM) Satellite. The MODIS functions well for monitoring environmental changes because the sensor incorporates enhanced atmospheric correction, cloud detection, improved georeferencing, and the enhanced ability to monitor vegetation (Kang et al. 2003; Kim et al. 2013 ). For the current study, MODIS scenes of the study area from 1/1/2014 to 12/31/2014 were downloaded and the phenological signals were extracted.
Near-surface image analysis
The annual cycle of vegetation phenology inferred from remote sensing is characterized by four key transition dates that define the key phenological phases of vegetation dynamics at annual time scales: (1) green-up, (2) maturity, (3) senescence, and (4) dormancy (Zhang et al. 2003; Richardson et al. 2007 ). Phenological signals maintain low values, but increase rapidly as the green-up (unfolding) phase begins. Signals no longer increase, but maintain a high value, when the leaves reach the mature phase. As the plants enter into the senescence stage, the signals decrease radically. As the dormancy phase begins, the signals return to the lowest value of the initial stage. In such a temporal phenological signal curve, transition dates correspond to the times at which the rate of change in curvature in the Vegetation Index (VI) exhibits local minima or maxima (Zhang et al. 2003) (Fig. 2 ). This method, proposed by Zhang et al. (2003) , was used originally to model changes in VI data extracted from satellite images, but the same method can be applied for analysis of phenological signals from near-surface remote sensing (Crimmins and Crimmins 2008; Richardson et al. 2009; Bater et al. 2011; Ide and Oguma 2013; Klosterman et al. 2014 ). To extract phenological signals from images, the near-infrared band is used together with visible light bands, whereas only visible light bands are extracted from digital camera signals.
Regions of interest (ROI) are defined when we analyze phenological changes in vegetation using near-surface images (Walker et al. 2012) . Because the images include a mixture of landscape, sky, and other features, ROI are restricted to the crown layer for extracting phenological signals from the images. Furthermore, the Q. mongolica stands are mixed with stands of Q. serrata, Q. variabills, and other species at the Mt. Jiri and Gwangneung sites. Therefore, ROI in this study were restricted to pure stands of Q. mongolica and avoided mountains and sky above the ROI and undergrowth on the forest floor (covered by snow in winter) below the ROI (Fig. 3) .
To extract phenological signals, we collected images from the digital cameras periodically, and classified them into red, green, and blue bands. Using digital numbers for each band, we calculated the average excess green index (ExG; Eq. 5) for each ROI Hufkens et al. 2012 ). The ExG-DC (ExG in digital camera) compares the green band of the RGB image to the red and blue bands to derive excess greenness corrected for illumination differences (Nijland et al. 2013 ). The ExG-DC is an indicator sensitive to vegetation pigment and activity because the seasonal pattern of the ExG-DC correlates with gross primary Fig. 2 An illustration of phenological phases extracted from remote-sensing data production (GPP) Ide and Oguma 2010) .
The VI was obtained using the smooth curve fitting method to remove variation and to gather trends because interpretation error can occur due to data errors and variation depending on weather conditions. In this study, the ExG-DC was smoothed to the 80th percentile using an exponentially weighted moving average (EWMA). The EWMA was defined as:
where, t is the day of year (DoY); S t is the EWMA value at the DoY; Y t is the VI value at the DoY; and a is the smoothing coefficient. In order to derive phenological event dates from phenological time-series data, we used a sigmoid-based equation (Zhang et al. 2003; Fisher and Mustard 2007; Richardson et al. 2009; Ide and Oguma 2010; Hufkens et al. 2012; Klosterman et al. 2014) : In the sigmoid model, phenological transition dates were attained by obtaining local extrema in the rate of change of curvature K (hereafter, abbreviated as curvature K) (Zhang et al. 2003; Klosterman et al. 2014) and half maximum value which is identified as the steepest point on the sigmoid (hereafter, abbreviated as HMV) Ide and Oguma 2010; Nijland et al. 2013 ):
HMV ¼ a þ ðb=2Þ ð 4Þ where, t is time (in days), c is the amplitude of increase or decrease in greenness, d is the dormant season baseline value, a and b control the lower and upper limits of the function Hufkens et al. 2012; Klosterman et al. 2014 ).
To validate the estimated transition dates based on the ExG, we used a visual observation method (Crimmins and Crimmins 2008; Ide and Oguma 2010; Sonnentag et al. 2012; Ide and Oguma 2013; Walker et al. 2014) . For example, the green-up date was estimated as the first day when most of the ROI were tinged with light green (Ide and Oguma 2010; Walker et al. 2012 ).
Analysis of satellite images
The MOD09A1 and MOD09GA datasets are comprised of seven bands, including visible light bands and nearinfrared bands. Three VIs (EVI: Enhanced Vegetation Index; NDVI: Normalized Difference Vegetation Index; ExG-MI: ExG in MODIS) were calculated using red (Band 1: 620-670 lm), green (Band 4: 545-565 lm), blue (Band 3: 459-479 lm) and near-infrared (Band 2: 841-876 lm) based on the equations:
where q NIR , q RED , q GREEN , q BLUE are value in near infrared, red, green, blue band, respectively. L is the canopy background adjustment (L = 1), C 1 and C 2 are the coefficients (C 1 = 6, C 2 = 7.5), G is the gain factor The ExG-DC was calculated based on information obtained from digital cameras and the NDVI and EVI were based on information from MODIS images. The ExG-MI was calculated to directly compare data from MODIS images with those from the digital cameras . For MODIS data analysis, we followed the same procedures used for analysis of the digital camera data.
Because the collected data used a sinusoidal projection, we reprojected the data onto Transverse Mercator (TM) coordinates and saved them in Geotif format. The South Korea zone was clipped from the Geotif data by masking and rearranged to be distributed in the range of À 1 to 1 by a multiplied scale factor.
The VI for each site based on the respective MODIS image was obtained from the mean VIs extracted from ROI clipped by masking relevant areas in the VI map prepared from the MODIS image. The annual cycle of vegetation phenology inferred from MODIS images showed the same pattern as that from the near-surface images.
To compare the phenological transition dates different in observation methods (near-surface and satellite remote sensing time series) for phenology and treatment tools of phenological data (curvature K and HMV), the root mean square error (RMSE) was calculated.
Sap flow measurement
To elucidate phenological event dates significantly more, we collected phenological data in another level from sap flow measurement (model SFM1 Sap Flow Meter, ICT international, Armidale, Australia) installed in the Mt. Jeombong site from April to November, 2015. Mongo- lian oak individual for measuring sap flow were selected randomly from individuals included in ROI of digital camera (DBH, average bark width, sapwood width, heartwood diameter of individuals selected were 20, 3, 1, and 6, respectively). Sap flow velocity (cm 3 h À1 ) was calculated from temperature and heat pulse measured by thermistor inserted in 7.5 and 22.5 mm within stock removed bark (Burgess et al. 2001) .
where, Vsi is the sap velocity (cm h À1 ) at the position i, k the thermal diffusivity (cm 2 AEs À1 ), 0.0025 the reference thermal diffusivity (cm 2 s À1 ), B the wound correction factor (-), qb the basic density of wood (sapwood dry weight/sapwood fresh volume, kg m À3 ), c w the specific heat capacity of the wood matrix (1200 J kg À1°CÀ1 ), qs the density of water (1000 kg m À3 ), m c the water content of sapwood (sapwood fresh weight-sapwood dry weight/ sapwood dry weight, kg kg À1 ) and V hi the measured heat pulse velocity (cm h À1 ) at position i (Burgess et al. 2001) .
Transition date of sap flow was determined from curvature K (Formula 3) of seasonal trajectory of sap flow obtained based on daily sap velocity. Transition dates of sap flow were compared with phenological transition dates obtained from digital camera installed in the same site.
Results
Performance of digital camera as a monitoring tool of phenology
The ExG-DC calculated from data obtained from digital cameras set in the study sites clearly indicated seasonal changes reflecting phenological trajectory of the Mongolian oak stand at each site (Fig. 4) . Start dates of green-up determined from curvature K were earlier in the order of Mt. Nam, Gwangneung, Mt. Jiri, Mt. Jeombong and start dates of senescence were vice versa (Table 3) . Phenological event dates determined from HMV showed the same trend (Table 3) . Phenological event dates determined from curvature K were usually earlier than those dates observed by eye, meanwhile, the results determined from HMV were later compared with dates observed by eye (Fig. 5 and Table 3 ).
Performance of different indices based on MODIS
Seasonal changes in EVI, NDVI and ExG-MI obtained from MODIS09A1 and MOD09GA were shown in Figs. 6, 7, and 8. Phenological event dates were different depending on vegetation indices, but green-up start dates from all VIs and methods were earlier in the order of Mt. Nam, Gwangneung, Mt. Jiri, and Mt. Jeombong and senescence start date showed the antagonistic trend (Table 4) .
Deviation among sites compared with visual observation in green-up start was the smallest in EVI and ExG-MI equally and that in senescence start was the smallest in EVI based on curvature K (Table 4) . Deviation among sites compared with visual observation in green-up start was the smallest in NDVI and that in senescence start was the smallest in EVI based on HMV (Table 4) . Compared between curvature K and HMV, deviation in green-up start was smaller in the latter than that in the former, whereas the result in the senescence start was the vice versa (Table 4) .
Comparison of the performance between digital camera and MODIS, and curvature K and HMV Transition dates assessed by visual observation and ExG-DC showed the highest consistency as RMSEs between both dates are 2.60 and 2.74 for green up and senescence dates, respectively. Among the vegetation indices derived from MODIS, EVI had the highest consistency with visual assessment (3.71 and 4.85) and ExG-DC (3.87 and 2.55). Transition dates assessed by ExG-DC showed a little higher consistency (2.60 and 2.74) than them by EVI (3.71 and 4.85) compared with visual assessment.
The results based on HMV showed the same trend compared with visual observation but showed a little difference compared with ExG-DC. Compared between curvature K and HMV based on root mean squared error (RMSE), the transition dates estimated based on the former were agreed better with the dates by visual observation than with the dates estimated from the latter (Table 5) .
Relationship between leaf phenology and sap flow Seasonal change of sap flow was shown in Figs. 9 and 10. Incline start date of sap flow velocity was shown in the 119th day of year in spring. The date was 2 days later than green-up start date based on curvature K and earlier 4 days compared with that assessed by HMV (Fig. 9) . Decline start date was the 282nd day of year. The date was earlier 2 and 9 days than senescence start dates based on curvature K and HMV, respectively (Fig. 10) .
Discussion
Phenological studies as a diagnostic tool for climate change
In this study, green-up of Q. mongolica stands initiated on different days of the year at the different sites studied, in the order of Mt. Nam, Gwangneung, Mt. Jiri, and Mt. Jeombong, whereas the order in which senescence occurred was reversed (Tables 3 and 4) . Because there are differences in longitude, latitude, and altitude, the dates were corrected by applying the linear regression equations, which were about the relationship between phenology dates and geographic location (Klosterman et al. 2014 ). In addition, to clarify the differences among sites due to artificial interference, the dates were compared based on the dates of the Mt. Jeombong site, where maintains a pure stand of Q. mongolica and is escaped from artificial interferences and it is designated as a reserve by Korea Forest Service (Table 6 ). The observed green-up start date was earlier than the expected date in the Mt. Nam and Gwangneung sites, whereas the opposite was observed for the Mt. Jiri site. The earlier date of green-up initiation at the Mt. Nam and Gwangneung sites could be due to the intensive land use near those sites. Mt. Nam is located in the Seoul metropolitan area, which is the most densely developed area in Korea, and Gwangneung is also near this site. Those sites had higher air temperatures than the surrounding rural areas due to urban heat island effect (Zhang et al. 2004; Lee et al. 2007; Cho et al. 2009 ). On the other hand, the Mt. Jiri site that showed late unfolding is topographically located in a ravine. Valleys, such as where the Mt. Jiri site is located, have lower air temperatures than other topographical locations due to micrometeorological factors, such as cold air drainage flow (Pypker et al. 2007 ).
Utility of digital cameras in phenology observation
In this study, phenological variation in the greenness of dominant natural vegetation was derived from digital image analysis (Fig. 4) . The phenological trajectory of ExG-DC reflected the seasonal course of vegetation. The estimated green-up dates agreed closely with the dates when leaf emergence became visible in photos. In addition, the findings of this study were similar to phenological timings identified in previous studies based on field observations reported at Long Term Ecological Research (LTER) sites in Korea (http://www.knlter.net ). Therefore, the start and end of the growing season of Mongolian oak expressed as ExG-DC accorded well with that of field observations. In fact, the seasonal pattern of ExG-DC correlated well with that of GPP ), and thus, annual GPP could be estimated using digital image analysis (Ide and Oguma 2010) . ExG-DC ExG in digital camera, HMV half maximum value, Vo visual observation
In the present study, the annual phenological trajectories of Mongolian oak stands were discriminated as well. The ExG-DC was sensitive to vegetation change, producing high correlations that were superior to those achieved using individual normalized bands or other indices (Walker et al. 2012) . In this application, we focused our initial analysis on green-up and senescence events, which are essentially the development and loss of green vegetation, respectively, within the field of view. Digital camera technology has become a common methodology for monitoring vegetation, and other researchers have correlated responses with fluxes related to carbon and water, such as CO 2 exchange ), leaf area index, and the fraction of absorbed photosynthetically active radiation (Ide and Oguma 2010) .
The development of inexpensive, commercially available systems, such as the one described in this study, will be critical to improving our understanding of seasonal variations in vegetation phenology, the detection of changing vegetation dynamics for biodiversity and wildlife management, and the calibration of datasets obtained from other remote-sensing technologies (Walker et al. 2012) . Additional instrumentation co-located with the camera network would be required to investigate these additional aspects of forest function. However, information on the timing and location of vegetation phenological phases is critical to under- standing the behavior and habitat usage of animals, such as grizzly bears (Walker et al. 2012) . We believe that the application of these systems for biodiversity-related issues is a logical and important extension of ongoing work.
Integration of near-surface and satellite-based approaches for phenological study
Greenness is often calculated as a broadband NDVI (Huemmrich et al. 1999; Jenkins et al. 2007 ). However, an NDVI calculation requires the measurement of nearinfrared light, a band that is not collected by RGB cameras (Crimmins and Crimmins 2008) . In this study, phenological variations in the greenness of natural vegetation were derived from digital cameras and satellite images (MODIS). The start and end of the growing season of Mongolian oak stands, expressed as ExG, are correlated well with those of visual observations at the same site (Table 3) . Among the VIs derived from MODIS, EVI had the highest correlation with ExG-DC in temporal dynamics and was also consistent with the findings of Hufkens et al. (2012) and Klosterman et al. (2014) . In fact, Turner et al. (2003) suggested that they might predict the onset of green-up earlier than visual observations of the field, because many MODIS 8-day composites are derived from maximum values. However, the temporal resolution of the MODIS 8-day composites, which is dictated by the frequency of missing data caused by clouds in many parts of the world, do not support precise characterization by rapid leaf emergence and development during spring (Kang et al. 2003) . On the other hand, although use of the MODIS daily surface reflectance could provide the enhanced temporal detection of MODIS-based analysis at a daily time step, this advantage can be constrained by daily cloud contamination (Kang et al. 2003) . In this study, we resolved both spatial and temporal drawbacks by applying a derivation method compared with spline curves of VIs that were derived from both MODIS 8-day composites and MODIS daily surface reflectance. In this study, RMSE between ExG-DC and EVI was shown in about 3 days. The difference was smaller about 9 days than that derived from PhenoCam network installed in USA (Klosterman et al. 2014) . The difference would be due to the fact that we selected pure stand of Mongolian oak for photographing differently from PhenoCam Network, which selected mixed forest (Tierney et al. 2013 ). In addition, Mongolian oak begins leaf unfolding and senescence the earliest among deciduous oaks growing in Korea. Therefore, it is estimated that Mongolian oak could be the best species to derive phenological transition date from MODIS image with low spatial resolution. In fact, deviation between greenness derived nearsurface phenology and remote-sensing derived phenology was the biggest in Gwangneung site where Q. serrata is intermingled in the Mongolian oak stand (Tables 3  and 4) .
Selection of method to estimate phenological event date
In the study on vegetation phenology, fluctuation of transition dates is significant phenomenologically, but more important in the physiological response of plant and biogeochemical cycle. In particular, phenological event dates such as unfolding or senescence of leaf determine the periods of transpiration and photosynthesis, and consequently influence on the yearly variation of energy, water, and carbon fluxes (Yoshifuji et al. 2011) . In this respect, selecting criteria that reflects transition events well occupy the central position in the study for monitoring phenology using vegetation index . We determined phenological transition dates by using two methods in this study. The method using changes of curvature has usually used as the main algorithm to determine phenological transition dates from satellite image interpretation like MODIS Global Vegetation Phenology Product (MOD12Q2) (Roger et al. 2015) , whereas has rarely used in greenness derived near-surface phenology research (e.g. Klosterman et al. 2014) . HMV has usually used in near-surface technique (Fisher and Mustard 2007; Richardson et al. 2009; Ide and Oguma 2010; Coops et al. 2012; Hufkens et al. 2012; Walker et al. 2012; Nijland et al. 2013) . In this method, the date of leaf onset is defined as the date at which the sigmoid curve reaches its HMV ). In other words, the HMV is the steepest point on the symmetric sigmoid or the peak of the first derivative and can be envisioned as representing the date when most leaves are likely to emerge (Fisher and Mustard 2007) . Transition dates are determined as the local extrema in curvature K method, while, in HMV method, the dates are determined as the point, in which curvature close to 0 (Fig. 11) .
In this study, we supposed that green-up stage was begun when Mongolian oak stands started leafing out, and senescence stage was done when the canopy began to change color at first in the fall. Therefore, in visual assessment, the transition dates of green-up and senescence were determined as times at which those phenological phenomena can be verified visibly in the photography. Although the difference between the expected dates derived from each index and the dates based on observation by eyes not consistent (Table 4) , variation of transition dates from curvature K was less than that from HMV (Table 5) . From this result, we estimated that curvature K index is more sensitive to the phenological phenomenon that we plan to monitor rather than HMV index.
According to numerous studies, which investigated water relation along the annual changes of phenology (Jackson and Bliss 1984; Seghieri et al. 1995; Rojas-Jime´nez et al. 2007 ), sap flow is closely related to change of leaf area (Urban et al. 2013 ). Sap flow is tightly connected to the phenological stage of the tree (Urban et al. 2013) due to the fact that tree has to progress transpiration to participate in forming the leaves and follow-up radial growth with leaves development (Strˇelcova´et al. 2006) . The transition dates in sap flow seasonality accorded better with the dates extracted by using curvature K method (2 days in mean deviation) than the dates extracted by using HMV method (about a week in mean deviation). In this respect, the phenological event dates extracted from curvature K method in this study, show higher reliability than those from HMV method. Moreover, Hufkens et al. (2012) pointed out that the ecological meaning of the HMV is ambiguous.
Conclusion
In this study, phenological responses of plants reflected the climate of the local areas where they grow. The results suggest that the continuous monitoring of vegetation phenology could be used as an effective diagnostic tool for the ongoing climate change. In this respect, it was proposed in this study that an effective study for vegetation phenology could be carried out by selecting appropriate monitoring instrument and integrating appropriate vegetation indices. In the results of this study, transition date of phenology extracted from digital camera image interpretation were accorded with that of visual assessment but it has limitations for wide-area applications as it is a point based data source. Conversely, information obtained from MODIS image are useful for monitoring the extensive area but it is inappropriate for monitoring variation among species of vegetation phenology as an area based data source. It is deemed that integrating two monitoring tools could resolve this problem. Further, based on the result of this study, we suggest that it is effective to use ExG-DC obtained from digital camera and EVI from MODIS when these two instrument are integrated as the vegetation indices and that curvature K is an effective method for extracting the phenological event dates of vegetation. This result is novel and advanced one as it is also proved from physiological response such as sap flow differently from existing phenological research, which is usually focused on external response.
